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Chem. Phys. Lett (i press) |

I. Introduction.

————— e

The conversion of radiant energy into chemical fuels is a
- Reactions of Water with Carbon and Ethylene

(a) topic of current interest and one of the interesting observa-
over Illuminated Pt/T10,.

i tions in this area is the well known photoassisted decomposition

of water in photoelectrochemical (PEC) cells | 1 ).Photoa ed

reactions have also been carried out using heterogeneous catalyscs
S. Sato and J. M. White

io contact with 1iquid [ 2 ] or gas phase [ 3 ] reactants. For
Department of Chemiscry

ru. example, using illuminated ,platinized T10,,kreautler and Bard [ 4 |
2 University of Texas

have reported the decomposition of liquid acetic acid to methane
Austin, Texas 78712

and Bulatov and Khidekel [ 5 Jhave reported the decomposition of

acidified vater. In a recent very interesting paper, Kalyansundaraa

and Gratzel [ 6 Jreport the photoinduced cleavage of water using &

2+
& colloidal suspension of RuO, and Pt with Ru (bpy) s as a sensitizer.

PO 3 Inoue et al. [7] report a photocatalytic reduction of Co, to formic acid, formal-
strac

] dehyde, methyl alcohol and methane in aqueous suspensions of various semiconductors.
; In the gas phase, Hemminger et al.[ 8 Jhave reported a photosssisted

The room temperature reaction between gas phase water snd active

carbon to form carbon dioxide and hydrogen on a platinized titanium conversion of CO, and H 0 to methane at the gas-solid imterface
; dioxide catalyst, illuminated with ba p radiation, is reported.
3 Using the seme catalyst system, ethyle is coaverted to etha
k carboa dioxide, hydrogen and a small amount of methame.

: Guth [ 9 Jhave reported the gas phase decomposition of water and

ueing a Pt foil contacted with a unn»Ou crystal. Schrauzer and w

the production of NBy from Ny and -uo over illusinated T10, or g
Fey05-doped T10,. Van Damme and Hall [ 10 ) repeated Schrauzer

and Guth's water decomposition experiment over TiOz and concluded
nuuucvvonn-s in part by the Office of Naval Research. that photoassisted hydrogen evolution involves mainly surface

hydroxyl groups that are present before ex

ure to water (i.e.
Hy production is not catslytic). Recently we have examined T10,

and rn\ﬂnON catalysts for the water decomposition and the water-gas

shift reaction [11 ]. On ﬂnOn our results for wvater decompositios

e ——
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agree with those of Van Damme and Ha11[10 ).Interestingly, on

vn\u»°~ the photoas ed decomposition of water and the water-gas

shifc reaccion were shown to be catalytic at the gas~solid interface.
We report here the photoassisted heterogeneous and catalytic

reactions of C,H,(g) and C(s) with H20 (g) over platinized T10,.

Sieilar vork on the latter reaction has been done by Kawai and

Sakata using a -¢o~\4»o~ systes [ 12 ].

NG A

11. Experimental.

T10, (anatase) vas obtsined from MCB and vas pretreated by a

6 hr exposure to flowing hydrogen at 700°C. After cooling in the

hydrogen stream it was stored in a sample vial. Platinized (2 wt. % P¢c)

a»e~ vas prepared by the photodecomposition of hexachloroplatinic

acid [13]. The total surface area of these catalysts vas about 11 =

Active charcoal was obtained from U.S. Biochemical Corporation and
ethylene from Matheson. Distilled H,0, outgassed several times
at dry-ice temperature, was introduced as a gas into the reaction
vessel at 24 torr, the room temperature vapor pressure. In some
experiments the catalyst was cooled to 0°C during nuc adaission

in order to enhance the amount of water sdsorbed (we define this

as a "wet" catalyst).

Reactions were carried out in an evacuable, closed circulation
systes (180 wl volume) linked to 2 2ass spectrometer. The reaction
cell wvas made of quart: and, during reaction, its temperature wvas
maintained at 23°% by a vater bath. The catalyst (0.25 g) was

spread uniformly on one face of the reaction cell and outgassed at

nooon for 3 hr. After introducing reactants, it was illuminsted
by a 200 W high-pressure mercury lamp that was filt. =4 “hrough
a quartz cell filled with u»wOo solution to remove infrared. The

gas mixture was sampled at various times and, after p

e through
a cold trap at abdout apneoo to reaove luo. was analyzed by the mass
spectrometer. In the reaction involving C(s), S wt. % of active
charcoal wvas physically mixed with the nn\nnen catalyst prior to

iatroduction into the reaction vessel.
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111,

Results.

Our previous experiments [ 11 ] have shown that under UV

iliumination Pt of Pt/TiO_ works as a cathode and T10

2 2
photoanode, as in PEC cells. It is therefore possible that both

cathodic and anodic reactions take place sisultaneously over

vn\A»ON. This was demonstrated by the reaction of C.H, with H,0

274 2

over UV-illuminated vn\ﬂ»ON. Figure 1 shows that n»:v is rapidly

converted to CaHg with comncomitant formation of Hy, COp and a
small amount of nzr. Both =~ and na» clearly arise from the
oxidation of CaH, by =»o. The n:o formation may be explained by
the cracking of CoH, during the oxidation and subsequent hydro-
genation. If ﬂnI» alone is exposed to the ~n\ﬂ—o~ a trace of
nulo is formed at nuen (self-hydrogenation). Otherwise no reaction
products are found. Subsequent illumination of this mixture gives
oo further reaction. After CoH, is consumed,C,H, is then alowly
oxidized despite the fact that CyHg is only weakly adsorbed, indicating
a fairly strong oxidative force in this system. Acetaldehyde was not
detected in the products although it has been found as a partial
oxidation product in the photo-oxidation of C,Hg on u»ONA 16 ].
The product distribution in Fig. 1 does not exactly satisfy a
mass balance of carbon atoms probably because of carbon deposition
on the catalyst surface at the beginning of reaction.

It should be noted that the initial decomposition rate of Hy0
(1= —01nn0qn .nu.onv.o-n»l-nos from the -n and auno formation

rates, is largar than the rate of vater-gas shift reaction

< s 7 € TN R S P N I

(3 x 107 3¢torr min.”}) carried out on the same catalyst [ 11 ] .

This result is similar to a current~doubling effect found in PEC cells
{15] but the observed difference would also occur if CO poisoned the
catalyst in the water-gas shift reaction. In any case the fast

initial rate s

ts that the H, formation would become even faster
by choosing a material which 1s more easily

oxidized than n~=

4
Figure 2 shows the time dependence of the growth of nw and

oON for the reaction of active charcoal with gas phase water
(V21 torr). The initial rate of Hy production is 1 x 10~ 2torr l»-.nw
and tends to drop slowly as the reaction proceeds.For example, at 120 mia

=) -1

the rate has dropped to 0.7 x 10 “torr mim. .

The H,/C0, ratio

is about 2 as expected for the reaction C(s) + 2H20(g) —» 2H,(g) + 0y(g).
A small amount of CH,, 0.01 torr, accumulates during the experiment.
When the experiment 1is repeated by evacuating at 25°C and replenishing
the vater, the activity continues to decline slowly and, after an
additional 120 min., the rate of H, production 1s 5.5 x 10 3torr atn.”},

In the absence of C(s), small amounts of Hz(g) (0.06 torr), €O, and

CH, are produced over a 2 hr. period.

Interestingly, vhen the catalyst was “"wet" as described in
the experimental section, the rate of H, and no» evolution were
drastically lowered and a stationary state vas reached after
80 minutes at an H, pressure of 0.25 torr. In addition,a small

* amount

of 0, was produced.

The -u\non ratio was 1.8 an /0, vas &,

i




1V. Discussion.

The experiments described above indicate that the reactions

C(s) + 2H,0(g) + CO,(g) + 2Hy(g); AG® = +63 kJ .::.““
1/2CH,(8) + 2H70(g) + €O5(8) + IM,(g); AG° = +29 kI mole
1/2C;Hg(8) + 20,0(g) + CO3(g) + 7/2H,(g); AG2 = +96 kJ wole™!
u\nﬂnlonnv + 2H20(g) -+ €0,(g) + unuzoAnvu AG™ = -155 kJ mole
can be photoassisted at Nuon. The mechanism of photolysis of =»o

over nn\u»ON may be analogous to processes occurring in PEC cells or

on Schottky-type photochemical dtodes [16). Taking this view,

photon adsorption in a—on forms electron-hole pafrs, the hole nmoving
to the surface and the electron migrating through the bulk of the

T10, eventually arriving at a Pt particle. The hole serves to
oxidize some species. If water is oxidized to form an adsorbed

oxygen and two protons,

. 0(a) + ~=+. the latter may migrate
oo the surface to a Pt particle wvhere they can be reduced to
adsorded hydrogen atoms. Recombination of hydrogen atows then
leads to :nﬂuv evolution unless they react with some species such

as nnap.

The mechanisa and the sites involved in carbon oxidation are
sot clear. One possidble mechanism sssumes that the active charcoal
iateracts fairly strongly with water and the photoproduced holes

are filled by an electron derived from a carbon-

ater intermediate
and sdsorbed oxygen is reduced to O just as in the photo-oxidecion of
co {3 1. 1f so, the resulting 0  may be attached to carbon, not titaai:

sad form adsorded CO. Siace the vater-gas shift reaction 1is knowa

to proceed under these conditions [ 1' ], subsequent reaction
of adsorbed CO with -qu-v will lead to no~anv and -uanv
Further speculation regarding the mechanism

1s not varranted and the discussion here fs seant to de only

suggestive. The conversion of nnub to ﬁOn and nn can be discussed

in the same terms. The estimated quantum yield at the initial
stage of both reactions 1is of the same order of magnitude as in
the Pt-SrTi0, PEC cell at zero potential [ 17 10.12). This can

be improved, we believe, by modifying the light-catalyst geometry.
In summary, our results demonstrate that the endothermic

reactions between nn:a Or active carbon and gaseous water can

be photoa

isted catalytically at room temperature over a
Platinized titania catalyst. More detailed studies of the
characteristics of ~n\4»o~ and of the mechanisms of these

reactions are undervay.

e

ol Rl it MRl L

|




(2)
<3)

(4)
(5)

(6)

(7)

(8)

)

Qo)
(n)
Q12)
(13)
(14)

(15)
(16)
a7)

RECNEEL s S AL ) R S ST

References

(1) See R. P. Maruska and A. K. Ghosh, Solar Energy 20, 443 (1978) Pig.

for a review.

A. J. Bard, Journal of Photochemistry 10, 59 (1979).

M. Formenti aad S. J. Teichner in Specialist Periodical Reports-
Catalysis, 2, 87 (1979).
B. Kraeutler and A. J. Bard. J. Am. Chem. Soc., 100, 2239 (1978). Fig.

A.

V. Bulatov and M. L. Khidekel, Izv. Akad. Nauk SSSR,

Ser. Khims., 1902 (1976).

K. Kalyanasundaram and M. Gratzel, Angrew. Chem. Int. Ed.
Engl. 18, 701 (1979).

T.

632 (1979).

Inoue, A. Pujishima, S. Konishi and K. Honda, Nature, 277,

J. C. Heaminger, R. Carr and C. A. Som-rjai, Chem. Phys. Lett.
32, 100 (1973).

C. K. Schrauzer and T. D. Guth, J. Am. Ches. Soc., 99, 7189
(19772).

8. Vac Damae and ¥W. K. Hall, J. As. Chem. Soc., 101, 4373 (1979).
S. Sato and J. M. White, J. Am. Chem. Soc. (submitted).

T. Kavail and T. Sakata, Nature (submitted).

3. Kraeutler aad A. J. Bard, J. As. Ches Soc. 100, 4317 (1978).
N. Djeghri, M. Formenti, F. Juillet and S. J. Teichuner, Discuss.

Yaraday Soc., 358,-185 (1974).

T.
A.

(1976).

Freund snd W. P. Gomes, Catalysis Rev. 3, 1 (1969).
J. Nozik, Appl. Phys. Lett., 30, 3567 (1977).

S. Wrightoa, A. B. Ellfe, P. T. Wolcsenski, D. L. Morse,
8. Afrahsusos d D. 8. Ginley, J. Amn. Cheas. Soc.,

Pigure Captions

1.
Time course of the reaction of -»oanv wvith nnnaanv over UV~

illusinated Pt/Ti0;. Pressure of H,0 1is 221 torr.

2.
Evolution of -n and CO, during the reaction of H0(g) with
active charcoal on Pt/Ti0; under UV illumination. Pressure

of zno is »21 torr.
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